During childhood, verbal learning and memory are important for academic performance. Recent functional MRI studies have reported on the functional correlates of verbal memory proficiency, but few have reported the underlying structural correlates. The present study sought to test the relationship between fronto-temporal white matter integrity and verbal memory proficiency in children. Diffusion weighted images were collected from 17 Black children (age 8-11 years) who also completed the California Verbal Learning Test. To index white matter integrity, fractional anisotropy values were calculated for bilateral uncinate fasciculus. The results revealed that low anisotropy values corresponded to poor verbal memory, whereas high anisotropy values corresponded to significantly better verbal memory scores. These findings suggest that a greater degree of myelination and cohesiveness of axonal fibers in uncinate fasciculus underlie better verbal memory proficiency in children. NeuroReport 25:921-925
Introduction
The ability to encode and recall verbal information is important for academic performance in childhood. Retaining a string of words in verbal short-term memory, for example, is related to reading efficiency [1] and scores on tests of working memory are related to standardized test scores [2] . As such, proficiency at tasks involving verbal memory is important for positive educational outcomes. In recent years, functional neuroimaging studies have reported on the neural correlates of proficient verbal memory function in children. Functional MRI results confirm suggestions by human lesion cases [3] that the ability to encode verbal information is supported by the medial temporal lobes [4] . Furthermore, functional connectivity between medial temporal lobes and dorsolateral prefrontal cortex may support memory encoding [5] that strengthens with development into adulthood [6] . Although the functional correlates of verbal memory proficiency in children have been reported, few studies have examined underlying white matter structural connections [7] .
It is well known that memory performance depends upon the functional integrity of the hippocampus and dorsolateral prefrontal cortex [8] . The uncinate fasciculus (UF) is a major white matter fiber tract with projections between the hippocampal area and dorsolateral prefrontal cortex [9] , making it a strong candidate for supporting the interaction between these two regions. To measure the structural integrity of this tract, diffusion tensor imaging can be used to characterize the degree of white matter coherence by measuring the anisotropy (directional dependence) of water diffusion within the tissue. Higher levels of anisotropic diffusion ostensibly correspond to a greater extent of microstructural integrity of white matter (i.e. axonal membrane structure and myelination) [10] and are often indexed by fractional anisotropy (FA), a scalar measure from 0 to 1 with 1 indicating fully anisotropic diffusion.
To our knowledge, only one study has reported on the relationship between white matter integrity in the UF and verbal memory proficiency in children [7] ; that study, however, differed in analysis from the present study, utilizing seed-point probabilistic tractography at the individual level rather than the group-based voxel-wise analysis used in this study. The approach described here, Tract-Based Spatial Statistics (TBSS) [11] , is focused on reducing cross-subject variability in voxels contributing to FA values of a fiber tract and is thus more replicable than individual level tractography. We utilized TBSS to test the association between fronto-temporal white matter integrity and verbal memory proficiency in a sample of 8-11 year-old children. Participants underwent diffusion tensor imaging scans to assess white matter integrity of the UF. In addition, the children completed the California Verbal Learning Test -Children's Version (CVLT-C) as a test of their verbal memory proficiency. Given the evidence that improved fronto-temporal connectivity supports better memory [6, 7] , we hypothesized that greater white matter integrity in UF would be associated with higher verbal recall scores.
Methods

Participants
Participants were a subset of 8-11 year-old children in a randomized trial [12] , who were recruited from public schools around Augusta, Georgia, USA. Participants with neurological or psychiatric disorders were excluded. Each child's parent or guardian reported the child's age, sex, and race. The study took place at the Georgia Prevention Center at Georgia Regents University. The present study included 17 Black children who provided usable diffusion tensor imaging data at baseline (mean age = 9.5 years, SD = 0.7; 52% female). Children and parents completed written informed assent and consent in accordance with the Human Assurance Committee of Georgia Regents University.
Memory measure
Verbal learning and memory was assessed using the CVLT-C [13] . The CVLT-C measures recall of a shopping list of 15 items (e.g. grapes, blocks, belt), which is read aloud five times to the child. The CVLT-C includes conditions to test immediate recall (i.e. at the end of the list), short-delay free and cued recall (i.e. following a 15-word distractor list), and long-delay free and cued recall (i.e. after 20 min).
Diffusion MRI data acquisition
Images were acquired at Georgia Regents University on a 3 T GE Signa Excite HDx MRI system (General Electric Medical Systems, Milwaukee, Wisconsin, USA). During scanning, head positions were stabilized with a vacuum pillow and/or foam padding. Diffusion images were acquired using an echo planar imaging sequence (acquisition matrix = 128 × 128, 60 interleaved slices, voxel size = 1 × 1 × 2.4 mm, FOV = 256 × 256 mm, TR = 15500 ms, TE = min-full, 3 B0 images, 30 diffusion weighted images, b = 1000 s/mm 2 ).
Diffusion MRI data analysis
Raw diffusion images were converted from GE DICOM format to NIFTI format using the dcm2nii tool (University of South Carolina, Columbia, South Carolina, USA) [14] . For each subject, volumes were visually inspected for motion artifacts; volumes distorted by motion were removed from the image series and b value/ vector tables (< 9% of total volumes removed; average number of volumes/subject removed = 4). Diffusion tensor image analysis was conducted using the FMRIB Software Library (University of Oxford, Oxford, England) [15] . Diffusion images were registered to the first B0 image and corrected for eddy-current-induced distortions. Nonbrain tissue was removed using the Brain Extraction Tool [16] . FA images were created by fitting diffusion tensors to each voxel using the Diffusion Toolbox. Voxel-wise analysis of FA data was carried out using TBSS [11] . FA images were aligned and transformed into standard space (MNI152; Montreal Neurological Institute, McGill University, Montreal, Quebec, Canada). Individual FA images contributed to a cross-subject mean FA image which was used to generate an FA skeleton representing the center of large fiber tracts common across the group.
To isolate the UF, a series of binary masks were applied to each subject (Fig. 1) . First, a mask based on each subject's FA image was generated to include FA values greater than or equal to 0.2 [7] . Second, the Johns Hopkins University white matter tractography atlas [17] was used to create binary masks corresponding to left and right UF based on probability values (i.e. the probability that a voxel contains the UF); UF values greater than or equal to 5% were included in the mask [18] . Third, a TBSS FA skeleton mask (based on the group FA image) was applied to each individual to include only voxels containing white matter which were common to the group. After applying the masks, a mean FA value was calculated for each subject's left and right UF. Left and right mean FA values were correlated with verbal memory scores using SPSS version 17 (IBM, Armonk, New York, USA). One short-delay free recall score was identified as an influential outlier and therefore not included in the left or right UF FA correlation analyses (pairwise deletion). Following the hypothesis-based correlation analysis, an exploratory k means clustering analysis was conducted to test the possibility that data-driven group assignment could be used to predict differences in verbal memory scores (k = 2, input: left and right UF FA values; ≤ 10 iterations).
Results
Correlation analyses
Positive linear relationships were found between FA values in left and right UF and CVLT-C scores. Left UF FA values (n = 17) significantly positively correlated with immediate recall scores [r(15) = 0.52, P = 0.03; Fig. 2] . A sensitivity analysis omitting one outlier in left UF (FA = 0.49, immediate recall = 57) did not substantially affect the correlation [r(14) = 0.46, P = 0.07]. Right UF FA (n = 17) values were significantly positively correlated with immediate recall scores [r(15) = 0.56, P = 0.02]. No age-related or sex-related effects were present for FA values in left or right UF. There were no significant relationships between FA values in left or right UF and short-delay free recall, short-delay cued recall, long-delay free recall, and long-delay cued recall scores. differences in verbal memory scores. As such, bilateral FA values were entered into a k means clustering analysis to classify participants as belonging to a low or a high FA group (k = 2), with the idea that participants in the low FA group would have less coherent white matter structure than participants in the high FA group. Between group memory scores were then assessed. Using k = 2 (i.e. low and high FA), the clustering analysis yielded 11 participants as low and six participants as high FA (Fig. 3a) . The low FA group showed significantly lower immediate recall scores than the high FA group (Fig. 3b) .
Discussion
The goal of this study was to test whether greater frontotemporal white matter anisotropy was associated with higher verbal memory scores in children. Analyses demonstrated that FA values in left and right UF showed a positive linear relationship with immediate recall scores as measured by the CVLT-C; higher FA values were associated with better immediate recall scores. An exploratory k means cluster analysis was used to test the hypothesis that, when conditioning on low and high FA values (with high values indicating better white matter integrity), the two clusters would significantly differ on verbal memory scores. This method of clustering yielded support for the correlation analysis by illustrating a clear dichotomy of anisotropy values, with the low FA group showing significantly lower verbal memory scores than the high FA group.
The positive relationship between fronto-temporal anisotropy and short-term verbal memory proficiency may reflect a greater degree of myelination and cohesiveness [10] . These structural properties are ostensibly related to conduction velocity and thus efficiency of communication of neural signals between regions connected by white matter fibers [19] . Increased neuron fiber diameter may lead to greater conductance along the axon, whereas myelin reduces intracellular to extracellular capacitance and increases resistance [20] . Thus, within the context of typical brain development, increased signal transmission efficiency via improved white matter integrity could bolster verbal memory ability in children. Studies using functional MRI measures of functional connectivity in adolescents provide support for this assertion such that greater fronto-temporal functional connectivity supports increased memory efficiency in adolescents [6] , with greater activation in frontal and temporal regions supporting better memory performance [21] . Although the role of the UF in memory proficiency is evaluated here, the UF may also modulate other functions, such as White matter integrity and memory in children Schaeffer et al. 923
cognitive control and/or emotion regulation. Patients with disordered emotion regulation, for example, show decreased FA in UF when compared with healthy controls [22] . In sum, increased UF integrity may be beneficial across a variety of cognitive domains.
Conclusion
The results from this study illustrate the positive linear relationship between UF anisotropy and short-term verbal memory proficiency in a sample of 8-11 year-old Black children. This relationship is consistent with that found in older Canadian children and adolescents [7] using a probabilistic tractography approach. The present study utilized a group-based voxel-wise approach, with additional support from data driven k means clustering which delineated clear low and high FA clusters corresponding to low and high verbal memory scores, respectively. Understanding the neural correlates of verbal memory proficiency in childhood could inform education policy -identifying ways to improve frontotemporal white matter integrity could lead to better performance in the classroom.
